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a b s t r a c t 

Reducing the enthalpy of as-deposited amorphous films is desirable as it improves their kinetic stabil- 

ity and enhances the reliability of resulting devices. Here we demonstrate that Ge 15 Te 85 glass films of 

lower enthalpy are produced by increasing the voltage during magnetron sputter deposition. An increase 

of ~100 V leads to a drop in effective cooling rate of almost three orders of magnitude, thereby yielding 

markedly lower enthalpy glasses. The sputtering voltage therefore constitutes a novel parameter for tun- 

ing the fictive temperature of glass films, which could help to obtain ultra-stable glasses in combination 

with substrate temperature control. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

The fabrication of amorphous films is essential for multiple 

technologies ranging from integrated optics to phase change ma- 

terial (PCM) memory devices. Glassy (amorphous) materials are 

intrinsically out of thermodynamic equilibrium and their physical 

properties tend to evolve over time as they relax towards a lower 

enthalpy state [1–3] . These unwanted changes can be mitigated by 

producing glasses with low initial enthalpy at slow cooling rates 

upon vitrification, or post processing by annealing. It was also 

recently shown that ultra-stable glasses (USGs) can be obtained 

by physical vapor deposition (PVD) on substrates heated near the 

glass transition temperature T g [4 , 5] . This phenomenon was asso- 

ciated with the enhanced mobility of the constituent particles on 

the film surface, which provided sufficient flexibility to access the 

lowest minima in the energy landscape. Here we investigate the ef- 

fect of increasing the kinetic energy of constituent particles during 

magnetron sputtering of glassy Ge 15 Te 85 films. The effective cool- 

ing rate of sputtered films is estimated by calorimetry. It is found 

that the final enthalpy and fictive temperature of glass films can 

be controlled by tuning the sputtering voltage. 

While most glasses are prepared by fast cooling from the 

melt [6] , glass films for device applications are frequently pro- 

duced by PVD. In the case of PCMs, significant differences in 

physical properties between as-deposited and melt-quenched sam- 

ples have been reported, including the atomic arrangement, the 
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amorphous phase stability and the crystal growth velocity [7–

9] . Large differences in cooling rates and vitrification processes 

lead to density and enthalpy changes that could account for these 

property modifications [10] . Yet, while the cooling rate during 

melt-quenching may be known, the effective cooling rate of 

sputter-deposited films remains unknown, rendering a comparison 

infeasible. It is therefore of interest to derive an effective cooling 

rate for as-deposited glasses. Fortunately, the cooling rate of a glass 

can be derived from its fictive temperature T f , measured calorimet- 

rically [11] . Prominent PCMs such as Ge 2 Sb 2 Te 5 or (Ag,In)-doped 

Sb 2 Te (AIST) [12] are bad glass formers. Hence, the measurement 

of the glass transition temperature T g is very challenging. On the 

contrary, Ge 15 Te 85 is a good model system for a comparative study 

of different glassy states as it is a good glass former that exhibits a 

complete calorimetric glass transition [13] . This enables an unam- 

biguous determination of T f . It can be vitrified by cooling from the 

undercooled liquid (UCL) to produce glasses of known cooling rates 

and enthalpy for comparison with as-deposited samples (ASD). It is 

moreover relevant to PCMs, as it consists of the same elements as 

the PCM GeTe. Amorphous films of Ge 15 Te 85 were therefore pro- 

duced by magnetron sputter deposition using a sputtering power 

of 6–120 W corresponding to a sputtering voltage ranging from 

260 to 370 V, respectively. Melt-quenched (MQ) glasses were pro- 

duced for comparison with ASD glasses by heating Ge 15 Te 85 up to 

well above its glass transition temperature T g into the UCL phase 

and subsequently cooling at a constant rate ϑc of 3, 6, 10, 20 and 

40 K/min in a differential scanning calorimeter (DSC). 
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Since materials fall out of the metastable equilibrium of the UCL 

at different temperatures depending on ϑc , the enthalpy states of 

the resulting glasses differ [14] . If the heat capacity of the UCL is 

approximated as a constant C p 
UCL ( T ) ≈ const. , where T is tempera- 

ture, the enthalpy of the UCL H UCL ( T ) is a linear function in tem- 

perature. When the heat capacity of a glass C p 
g ( T ) is independent 

of cooling rate during vitrification and approximately a constant 

as a function of T as well, the difference in enthalpy between two 

glasses i and j is given by 

�H 
g , j 
g ,i 

= �C p ·
(

T f ,i − T f , j 
)

, (1) 

where �C p is the heat capacity difference between C p 
UCL and C p 

g . 

With these approximations �H 
g , j 
g ,i 

is independent of temperature 

as long as structural relaxation is negligible. Utilizing the standard 

fictive temperature T f 
s of a glass formed at the standard cooling 

rate ϑc 
s of 20 K/min as a reference, the enthalpy difference be- 

tween a glass and the standard glass becomes [14] 

�H 
s 
g ( T f ) = �C p ·

(

T f − T s f 
)

, (2) 

which is a linear function of T f while all other parameters are ma- 

terial constants. Moreover, the fictive temperature near T f 
s depends 

on ϑc according to [11 , 14] 

T f ( ϑ c ) = T s f ·

(

1 −
1 

m 
· log 10 

(

ϑ c 

ϑ s c 

))

−1 

, (3) 

where m is the fragility of the material which can be quantified 

by the slope in viscosity η at the standard glass transition tem- 

perature T g 
s 

= T f 
s at 20 K/min in the so-called Angell-plot [6 , 15] . 

Therefore, �H g 
s is a linear function of T f only, which itself is only 

a function of cooling rate ϑc . 

In order to derive the effective cooling rate of ASD sputtered 

films, we first show that Eq. (2) holds for all Ge 15 Te 85 glasses by 

measuring their excess heat capacity C p 
exc ( T ). The excess heat ca- 

pacity is the heat capacity of the crystal C p 
x ( T ) curve over that of 

the glass or the liquid C p 
g,l ( T ), C p 

exc ( T ) = C p 
g,l ( T ) - C p 

x ( T ), which 

can be obtained from (crystal) rescan-subtracted DSC curves. It 

therefore constitutes the configurational component of the heat ca- 

pacity by assuming that the vibrational components of the glass 

and crystals are equal [16 , 17] . As shown in Fig. 1 a, upon reheat- 

ing at a constant heating rate of ϑh 
s 

= 20 K/min, the C p 
exc ( T ) 

curves of the MQ and ASD phases show a glass transition fol- 

lowed by an endothermic overshoot when entering the UCL and 

the UCL afterwards. Since all samples feature a glass transition, 

MQ and ASD Ge 15 Te 85 are glasses at low temperatures [18] . In- 

tegrating the C p 
exc ( T )-curves and normalizing them to a point in 

the UCL reveals the different enthalpy states of the glasses, from 

which �H g 
s is obtained, as depicted in Fig. 1 b. The fictive tem- 

perature is found from the crossing point of linearly extrapo- 

lated glassy and UCL enthalpies [19] , as sketched in Fig. 1 b for 

the standard glass. The resulting �H g 
s values for MQ and ASD 

glasses show the expected linear dependence on T f with a slope 

of �C p = �H g 
s / �T f = 16.9 J mol −1 K −1 (inset of Fig. 1 b), demon- 

strating that Eq. (2) holds. As can be seen from the inset in Fig. 1 b, 

�H g 
s changes from 660 J/mol for the least stable glass, produced 

upon sputtering at a voltage of 257 V, to −80 J/mol for the most 

stable glass, prepared upon melt-quenching with a rate of 3 K/min. 

The total difference in �H g 
s hence amounts to 740 J/mol (7.6 

meV/atom). 

Since here ASD glasses possess higher enthalpies and fictive 

temperatures than the MQ states, they are considered to be less 

stable against relaxation [4 , 20 , 21] . As a result, ASD glasses ex- 

hibit an exothermic enthalpy release prior to the glass transition 

which is commonly observed in hyperquenched glasses reheated 

at a much smaller rate than the initial cooling rate [22] . Hence, 

the presence of this exothermic signature of Ge 15 Te 85 films is in- 

dicative of a high fictive temperature and a high effective cooling 

rate ϑc 
e which can be attributed to the sputtering process. Inter- 

estingly, this exothermic heat release and thus ϑc 
e depend on the 

sputtering voltage U d . To find ϑc 
e for ASD glasses from the mea- 

sured T f values ( Eq. (3) ), the fragility m of the material is required. 

The fragility can be determined calorimetrically noting that the ap- 

parent glass transition temperature T g is equal to the fictive tem- 

perature T f when the subsequent heating rate ϑh is equal to the 

initial cooling rate ϑc upon vitrification [13 , 23] . In this case and af- 

ter rewriting Eq. (3) , the fragility m can be found from [13 , 14] 

log 10 

(

ϑ 

ϑ s 

)

= m ·

(

1 −
T s 
f 

T f 

)

, (4) 

where ϑ = ϑc = ϑh and thus T f = T g ( ϑ). Note that for non-ideally 

strong systems like Ge 15 Te 85 , Eq. (4) is only strictly valid for a 

range of T f values near T f 
s and hence cooling rates ϑ near the stan- 

dard value of ϑs = 20 K/min. This is because m represents the 

slope of the viscosity-temperature dependence at T g 
s 

= T f 
s . How- 

ever, in systems that exhibit non-Arrhenius behavior, this slope de- 

creases notably at temperature much higher than T g 
s . Nevertheless, 

Eq. (4) is valid for heating rates accessible with conventional DSC, 

here 3 – 40 K/min [2] . Fitting Eq. (4) to T f data obtained by DSC 

yields m = 55 as represented by the gray dashed line in Fig. 2 . 

Note, that the DSC and FDSC data on T f ( ϑ) given in Fig. 2 were ob- 

tained from the glass transition temperature where the reheating 

rate ϑh is equal to the initial cooling rate ϑh . In addition to conven- 

tional DSC, Flash DSC (FDSC) allows for cooling and heating rates 

of up to 40 0 0 K/s. Since the expected temperature gradient in the 

sample exceeds 5 °C above 750 K/s (see Supplementary Informa- 

tion (SI)), only T f data up to that rate are considered. Now in Fig. 2 , 

the combined DSC (circles) and FDSC (diamonds) T f data show a 

curvature. This is indeed expected from the intermediate fragility 

of Ge 15 Te 85 . Consequently with increasing ϑ, Eq. (4) underestimates 

the increase in T f ( ϑ) and thus fails to describe the experimental 

data. This deviation becomes significant at heating rates exceeding 

~ 50 K/s [2] . Therefore, Eq. (4) is extended to account for the non- 

Arrhenius behavior of non-ideal strong systems (fragility) based on 

the Vogel–Fulcher–Tammann (VFT) model of viscosity η( T ) as pro- 

posed in [24] . This extension of Eq. (4) can be given by (see SI) 

log 10 

(

ϑ 

ϑ s 

)

= log 10 

(

ηs 

η( T f ) 

)

(5) 

where ηs is the viscosity at the standard glass transition temper- 

ature T g 
s . Fitting Eq. (5) to all measured (F)DSC T f ( ϑ) data yields 

a fragility of 58 ( Fig. 2 , black dashed line) which agrees with the 

value obtained from low- ϑ Eq. (4) fitting and literature [13] . As an 

additional result from Eq. (5) fitting, viscosity values for T = T f are 

also derived (see SI). Contrary to Eq. (4) , Eq. (5) does not deviate 

from the experimental data with increasing ϑ but instead repro- 

duces the data and its curvature well. Therefore, Eq. (5) is now ap- 

plied to the T f values of the ASD phases obtained from Fig. 1 to cal- 

culate the effective cooling rate ϑc 
e ( Fig. 2 ). It is observed that ϑc 

e 

shows a clear dependency on the sputtering voltage U d : The lower 

U d , the higher ϑc 
e ranging from 10 0 0 K/min ( ≈ 17 K/s) at 367 V 

and up to 20 0,0 0 0 K/min ( ≈ 340 0 K/s) at 257 V. Hence, the loga- 

rithmic effective cooling rate appears to vary linearly with sputter- 

ing voltage as shown on Fig. 3 . Following the indicated trend, ϑc 
e 

would equal the standard cooling rate ϑc 
s at about 470 V. Since the 

fictive temperature T f depends on ϑc 
e , T f depends on the sputtering 

voltage U d as well. This means that by increasing the sputtering 

voltage, the enthalpy state of the prepared glass is also lowered. 

As stated earlier, when ϑc = ϑh , the measured glass transition 

temperature is equal to T f . Therefore, when an ASD glass is re- 

heated at ϑc 
e , the measured glass transition temperature T g should 
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Fig. 1. Calorimetric response of melt-quenched (MQ) and as-deposited (ASD) Ge 15 Te 85 glasses upon heating at the standard heating rate ϑh 
s 

= 20 K/min. C p 
exc ( T ) is the 

crystalline rescan-subtracted heat capacity measured in DSC. This excess heat capacity C p 
exc ( T ) in (a) for MQ glasses shows an increased endothermic overshoot upon glass 

transition when the cooling rate is lowered. The endothermic overshoot is almost suppressed for ASD glasses, which instead feature a pronounced exothermic heat release 

prior to glass transition. This exothermic heat release is usually indicative for glasses formed with a much higher cooling rate than the subsequent heating rate. Accordingly, 

the exothermic heat release is absent in the slowly cooled MQ glasses. Since both, amorphous MQ and ASD Ge 15 Te 85 show a glass transition, they have to be in the glassy 

state at lower temperatures. All glasses show a difference in heat capacity between the glassy and the UCL state of about 16.9 J/molK (0.175 meV/atomK). (b) From the 

integrated C p 
exc ( T ) curves normalized in the UCL, the enthalpy difference between glassy states becomes apparent on the low temperature side. The enthalpy difference 

�H g 
s is much smaller for MQ glasses than for ASD ones, indicating that ASD glasses are less stable in this case. The fictive temperature is found at the crossing point of the 

extrapolated enthalpy of the glassy and UCL phase, as indicated by the arrow in (b) for the standard glass. 

Fig. 2. Dependence of fictive temperature T f on (effective) cooling rate ϑc . Axes are 

scaled according to Eq. (4) . Additionally to the accessible cooling and heating rates 

in conventional DSC, measurements are extended to the rates accessible in FDSC. 

Here ϑ = ϑc = ϑh , and thus the measured glass transition temperature T g during 

the upscan is equal to the fictive temperature T f of this glassy state. Heating the 

ASD glass prepared at 272 V at its calculated cooling rate of ~700 K/s yields T g ≈

T f (red star) and thereby verifying this argument. Eq. (4) is fitted to conventional 

DSC data (circles) and yields a fragility of 55 (dashed gray line). DSC and FDSC (di- 

amonds) data is fitted by Eq. (5) , which is able to describe both, the low and high 

rate data points, whereby a fragility of 58 is found (dashed black line). Since the 

fitted Eq. (5) describes the experimental data well, this formula is used to calculate 

the effective cooling rate ϑc 
e for the ASD glassy phases from the T f values (dotted 

lines) obtained from Fig. 1 b (open triangles). Sputtering voltages U d and calculated 

ϑc 
e values for ASD Ge 15 Te 85 are given in the figure. (For interpretation of the refer- 

ences to color in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 3. Calculated effective cooling rate ϑc 
e and enthalpy state �H g 

s as a function 

of sputtering voltage U d . According to this extrapolation, a standard glass on an un- 

heated substrate would be obtained at a sputtering voltage of 470 V. Furthermore, 

a more stable glass could be obtained at higher sputtering voltages. 

be equal to T f . To test this hypothesis, the ASD glass prepared at 

272 V is heated at 700 K/s which is almost equal to its calculated 

ϑc 
e . As shown in Fig. 2 , the measured T g at that rate (red star) 

agrees well with the fictive temperature of that ASD glass ( C p 
exc 

curve given in the SI). This result shows that calculating the ef- 

fective cooling rate ϑc 
e from Eq. (5) yields reliable results for ASD 

glasses that were prepared not by rapid cooling but by PVD. 

Our study reveals that the effective cooling rate ϑc 
e of ASD 

glasses lays in the region of ~10 3 K/s. Another study suggests a 

value of ~10 4 K/s for the prominent PCM Ge 2 Sb 2 Te 5 in its glassy 
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ASD phase [25] . Both are far below the rate necessary for melt- 

quenching from above the melting temperature T m of a PCM of 

~10 9 K/s [9] . This means that ϑe 
c of usual ASD glasses is about 

five orders of magnitude lower. Therefore, glassy PCMs obtained 

by melt-quenching from above T m should thus be less stable than 

ASD glasses prepared by PVD. As a consequence, this should result 

in a higher crystal growth velocity in MQ glasses of PCMs, which 

explains the observation reported earlier for AIST [9] . 

The ability to tune the effective cooling rate ϑc 
e and thus the 

fictive temperature T f of the resulting glasses by controlling the 

sputtering voltage U d during sputter deposition provides a novel 

means of adjusting the enthalpy level of the resulting as-deposited 

glassy phase. This finding could be exploited to help prepare ultra- 

stable glasses (USGs). It has been shown that USGs, i.e. glasses in 

a particularly low enthalpy state, can be synthesized by increasing 

the substrate temperature to around T / T g = 0.85 during the depo- 

sition process [21] . Our study reveals an additional parameter for 

tuning the enthalpy state namely the sputtering voltage U d . As re- 

ported here, a higher U d lowers the enthalpy state of the resulting 

glass. A combined approach of adjusting both, the substrate tem- 

perature and the sputtering voltage may yield glassy states even 

lower in enthalpy. It has been suggested that USGs can form on 

heated substrates due to the increased mobility of constituent par- 

ticles on the film surface. The added mobility enables each particle 

to explore a greater fraction of the energy landscape and reach a 

lower minimum. Extending on this interpretation it can be hypoth- 

esized that the increased kinetic energy of the particles at the sur- 

face of the film deposited at a higher voltage allows for additional 

exploration of the energy landscape in order to access the lowest 

minima and thus lower enthalpy states. 

On the other hand, when rapidly quenched material is required, 

as for calorimetric measurements, to mimic the fast switched 

glassy phase of e.g., PCM memory devices, a low substrate temper- 

ature in combination with a low sputtering voltage should yield 

the highest enthalpy states of the resulting glass and thus should 

result in an ultra-unstable glass. This might enable bypassing the 

experimentally challenging task to vitrify large amounts of highly 

fragile and rapid crystallizing glass formers at highest cooling rates 

during melt-quenching. It also helps engineer the enthalpy level of 

the glassy state by adjusting the sputtering voltage and the sub- 

strate temperature. 
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